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INTRODUCTION
The genus Brachypodium P. Beauv. has received considerable attention since the selection of the annual species B. distachyon as a model functional plant for temperate cereals and biofuel grasses (IBI, 2010; Mur & al., 2011; Catalán & al., 2014) . Recently, B. distachyon and the other segregated annual species of the B. distachyon complex (B. stacei and B. hybridum; have been proposed as a model system for grass polyploid speciation (Catalán & al., 2014) . The whole genus, containing taxa characterized by their small and compact genomes (Mur & al., 2011; Betekhtin & al., 2014) , is also seen as an ideal candidate for comparative genomics of the monocots.
Brachypodium is a relatively small genus that contains ca. 18 taxa (17 species, 1 variety) distributed worldwide (Schippmann, 1991; Catalán & Olmstead, 2008; . According to the most recent systematic updating (Catalán & Olmstead, 2008; , three of them are annual species and 15 are perennials. Recently it has been demonstrated that the three annuals have wide distributions in their native circum-Mediterranean region . Brachypodium hybridum has also successfully colonized other non-native territories (cf. Catalán & al., 2012, and references therein) . Phylogenetic studies of Brachypodium support the early splits of the annual and short-rhizomatose lineages (B. stacei, B. mexicanum, and B. distachyon) in the Holarctic region during the early Middle Miocene, and the allopolyploid origin of B. hybridum in the Pleistocene .
The three annual species are characterized by a short life cycle, ephemeral habit and self-fertility (Catalán & Olmstead, 2000; . They consist of two diploids, each with a different chromosome base number [B. distachyon (x=5, 2n=10) and B. stacei (x=10, 2n=20)], and their derived allotetraploid B. hybridum (x=5+10, 2n=30) . Phylogenetic analyses of two plastid (ndhF and trnLF) and five nuclear (ITS, ETS, CAL, GI, and DGAT) genes indicated that the more early-diverging B. stacei and the more recently evolved B. distachyon emerged from two independent lineages, confirming their contributions as genome donors to B. hybridum (Catalán & al., , 2014 . Further evidence from different molecular sources, like seed protein data (Hammami & al., 2011) , nuclear SSRs (Giraldo & al., 2012) , DNA barcoding , and isozymes (Jaaska, 2014) have also confirmed the co-occurrence of progenitor B. distachyon and B. stacei markers in the B. hybridum background.
Statistical analysis of morphometric traits showed that five characters (leaf stomatal guard cell length, pollen grain length, upper glume length, lemma length, and awn length) significantly discriminated among the three annual Brachypodium species when they were grown under controlled greenhouse conditions . Although the three species can be differentiated through these phenotypic traits and through additional molecular and cytogenetic traits , their direct identification is not always straightforward, as wild populations show overlapping phenotypic variation for some characters and a similar diploid genome size. This has led to taxonomic uncertainty, or even to taxonomic misclassifications of the model species and its close allies, when using currently employed identification methods such as morphology or flow cytometry . This is particularly problematic in natural admixed populations, where B. hybridum lives in sympatry with one or the other parental species . Furthermore, the current taxonomic description of B. stacei, the rarest species of the complex, is only based on specimens from the type locality (Spain, Balearic Islands, Formentera) , the only known population at the time of the description .
In order to increase the knowledge of phenotypic variation of the three annual Brachypodium species and to help in their identification, we have analyzed the morphology of a large collection of wild specimens of each species and have detected new traits useful for differentiating them. We provide an enlarged and updated taxonomic description of each species, their habitat preferences and current known distributions, and a dichotomous key to identify them. We also illustrate the three model species with their iconography.
MATERIALS AND METHODS
We studied 227 wild individuals (from 44 populations) of B. distachyon, 146 individuals (30 populations) of B. stacei, and 497 individuals (100 populations) of B. hybridum, covering a large range of distribution and ecological variability for each species (see Appendix 1). For most populations, geographic coordinates, altitude, geological substrate and habitat information was collected in the field or obtained from herbarium data. Taxonomic identity of each individual was confirmed through chromosome counting or DNA barcoding, following the procedures indicated in . Recently collected materials have been deposited in the JACA herbarium.
Qualitative phenotypic data [leaf color (bright green, pale green, dark green), leaf softness (soft, unbendable), leaf shape (curled, straight), leaf hairiness (densely hairy, scarcely hairy or non-hairy), occasional presence of short rhizomes (presence, absence)] were recorded from living plants. Quantitative morphometric data were taken from both fresh and herbarium specimens. Measurements of vegetative and reproductive organs were done with a ruler under a dissecting microscope. Microanatomical analysis of culm leaf blade cross sections, pollen grain length and epidermal stomata guard cell length was done under a microscope. Approximately five individuals per population were used for the assessment of morphological character variation in each species.
Morphometric data from 15 potentially informative characters used to separate and identify the three species  Plants annual, with 1-3(-8) reproductive culms. Culms (2-)6-15(-56) cm, erect, smooth and glabrous (or nearly so). Nodes (1-)3-4(-12), dense to minutely hairy. Leaf sheath margins open, fused at base, overlapping more than 2/3 the length below, glabrous to densely villose abaxially; auricles present; ligules (0.7-)0.9-1(-1.2) mm, scarious, sparsely hirsute, apex obtuse or truncate, dentate-erose, ciliate to laciniate. Leaf blades of culms (1-)3-7(-8.5) cm × (0.25-)1.5-2(-4) mm, erect, flat, unbendable, straigth, bright green, sparsely villose abaxially and adaxially, with short and long hairs (short hairs sometimes absent), the hairs 0.1-1(-1.5) mm; cross section ( Fig. 4a ) bearing up to 11 (or more) main veins, each with ribs adaxially alternating with smaller ribs on the secondary and tertiary veins, bulliform cells on valleys, sclerenchyma strands forming trabeculae or girders on most veins; stomata guard cells (17-)22-23(-29) µm; flag leaf (1-)1.5-2(-6.5) cm, usually not reaching the panicle. Panicles (0.9-)2-3(-5) cm, erect, with (1-)2(-4) spikelets; rachis smooth and glabrous. Spikelets (9.2-)14-15(-24) mm, (5-)10-12(-18.2) mm to the apex of the fourth lemma, (3-)6-9(-13)-flowered, lanceolate, bright green; glumes oblong-lanceolate, shorter (more than half) than the contiguous florets, abaxially glabrous to densely hairy, apex acute; lower glumes (2-)4-5(-6) mm, 5(-7)-veined; upper glumes (2.2-)5-7(-11) mm, 7(-9)-veined; lemmas (5.2-)7-8(-11) mm, 7-veined, lanceolate, abaxially nearly glabrous to densely hairy, awned; awn (5-)10-11(-15.2) mm, as long as or longer than lemma, hairy; paleas 5-6(-7) mm, scabrous on and between keels. Lodicules 1-1.5 mm. Anthers 2-3, 0.5-0.7 mm, non-exserted; pollen grains (21-)25-35(-42) µm. Ovaries oblong, hairy at apex. Caryopsis (3.8-)5-6(-7.2) mm, oblong. Flowering time in the native circum-Mediterranean range: Apr.-Jun. (Jul.). 2n=2x=10; x=5.
Habitat-Growing in mesic Mediterranean ecosystems, clearings of evergreen and deciduous oak woodlands, maquis, and garriga shrubs, preferentially on calcareous substrates (such as limestone and calcareous loams), occasionally on siliceous schists, from mid to high altitudinal any of the three species of the complex because of its ambiguous diagnostic characteres. Besides, it was impossible to analyse this specimen cytogenetically and molecularly, and therefore we could not investigate its chromosome number and molecular barcode, characters also used to identify and discriminate the species. Consequently (cf. ICBN Art. 9.8, McNeill & al., 2005) , we selected as epitype for Bromus distachyos L. the specimen MA 833764! that corresponds to the sequenced Bd21 (2n=10) reference genome. Plants annual, with (1-)3-9 reproductive culms; occasionally producing short rhizomes. Culms (6.1-)44-76(-150) cm, erect (or twisted when growing inside shrubs), pubescent in the basal half. Nodes (1-)4(-9), densely to minutely hairy.
Brachypodium stacei
Leaf sheath margins open, fused at base, overlapping more than 2/3 the length below, densely pubescent; auricles present; ligules (1-)1.3-1.6(-2) mm, scarious, densely hirsute, apex obtuse to truncate, dentate-erose, ciliate to laciniate. Leaf blades of culms (1.6-)7-8(-15.1) cm × (0.26-)2-3(-7) mm, erect to patent, flat, soft, curled, pale green, densely villose abaxially and adaxially, with short and long hairs, the hairs 0.1-0.7 mm; cross section (Fig. 4b ) bearing up to 13 (or more) main veins, each with ribs adaxially alternating with smaller ribs on the secondary and tertiary veins, bulliform cells on valleys, sclerenchyma strands forming trabeculae or girders on most veins; stomata guard cells (16-) 25(-38) µm; flag leaf (1.9-)5-6(-12.3) cm, usually reaching or overtopping the panicle, which is partly covered by the sheath. Panicles (2.1-)5-6(-10) cm, erect, with (1-)3-4(-5) spikelets; rachis smooth and glabrous. Spikelets (13-)21-23(-41) mm, (6.1-)12-16(-28) mm to the apex of the fourth lemma, (4-)8-9(-14)-flowered, lanceolate, pale green; glumes oblong-lanceolate, shorter (more than half) than the contiguous florets, abaxially glabrous or nearly so, apex acute to rounded; lower glumes (2.5-)4-5.5(-7) mm, 5(-7)-veined; upper glumes (2.9-)5-7(-8.7) mm, 7(-9)-veined; lemmas (6.1-)8-9(-12.6) mm, 7-veined, lanceolate, abaxially glabrous or nearly so, though often with ciliate margins, occasionally pubescent, awned; awn (7.5-)12-13(-18.2) mm, as long as or longer than lemma, hairy; paleas 6-9 mm, scabrous on and between keels. Lodicules 1 mm. Anthers 3, 0.6-0.8 mm, non-exserted; pollen grains (22-)33-35(52) µm. Ovaries oblong, hairy at apex. Caryopsis (5.4-)6-7(-8.4) mm, oblong. Flowering time in the native circum-Mediterranean range: Apr.-Jun. (Jul.). 2n=2x=20; x=10.
Habitat-Growing in arid Mediterranean ecosystems but in shady places, e.g., the understories of pine forests, juniper woods, and inside spiny shrubs, which protect the plant from direct insolation, preferentially on calcareous substrates (limestone, calcareous loams), but also on siliceous (schists, sand dunes) and volcanic substrates, in coastal and lowland ranges, between (1-)10-500(-900) masl.
Geographic distribution-Native to the circum-Mediterranean region [recorded in Greece, Iran, Israel, Italy (Sicily), Lebanon, Morocco, Palestine, Spain (mainland: Alicante, Almería, Granada, Jaén, and Murcia; Balearic islands: Formentera, Mallorca, and Menorca; Canary islands: Gomera and Lanzarote), and Tunisia; cf. Appendix 1 and López- Álvarez & al., 2015] . Its potential introduction into other regions where the species is non-native has yet to be confirmed. Plants annual, with (1-)3-7(-18) reproductive culms; occasionally producing short rhizomes. Culms (3.5-)30-40 (-78) cm, erect or spreading, pubescent in the basal half or for their full lengths. Nodes (1-)5-6(-11), densely to minutely hairy. Leaf sheath margins open, fused at base, overlapping more than 2/3 the length below, glabrous to pubescent abaxially; auricles present; ligules (0.5-)1.5-2 mm, scarious, sparsely to densely hirsute, apex obtuse or truncate, dentate-erose, ciliate to laciniate. Leaf blades of culms (1-)7-8(-16) cm × (0.7-)2-3(-4.3) mm, erect to patent, flat, unbendable, straigth, pale dark green, sparsely villose abaxially and adaxially, with scattered short and long hairs, the hairs (0.1-)0.5-1 mm; cross section (Fig. 4c) bearing up to 15 (or more) main veins, each with ribs adaxially alternating with smaller ribs on the secondary and tertiary veins, bulliform cells on valleys, sclerenchyma strands forming trabeculae or girders on most veins; stomata guard cells (20-)30(-40) µm; flag leaf (1.4-)3-4(-7.9) cm, not reaching or only partially reaching the panicle. Panicles (1-)3-4(-8) cm, erect, with (1-)3-4(-6) spikelets; rachis smooth, glabrous to densely hairy. Spikelets (10-)18-24(-41) mm, (5-)12-16(-30) mm to the apex of the fourth lemma, (4-)5-8(-17)-flowered, lanceolate, pale dark green; glumes oblong-lanceolate, shorter (more than half) than the contiguous florets, abaxially glabrous to densely hairy, apex acute; lower glumes (2-)4-5.5(-7) mm, 5(7)-veined; upper glumes (2.3-)5-6(-9.8) mm, 7(-9)-veined; lemmas (3-)8-10(-12.9) mm, 7(-9)-veined, lanceolate, abaxially glabrous to densely hairy, awned; awn (6.0-)11-12(18.9) mm, as long as or longer than lemma, hairy; paleas 6.5-8.5 mm, scabrous on and between keels. Lodicules 1.5 mm. Anthers 3, 0.5-1 mm, non-exserted; pollen grains (25-)38-40(-57) µm. Ovaries oblong, hairy at apex. Caryopsis (5-)6-7(-8.9) mm, oblong. Flowering time in the native circum-Mediterranean range: Apr.-Jun. (Jul.). 2n=4x=30; x=5+10.
Brachypodium hybridum
Habitat-Growing in both arid and mesic Mediterranean ecosystems, in sunny habitats, often in open disturbed places (roadsides, ditches) but also in natural or less disturbed niches, sometimes in sympatry with (or more likely near) B. stacei or B. distachyon parents, on calcareous (limestone, loams), siliceous (schists, sand dunes) and volcanic substrates, from coastal and lowland ranges to mid-high altitudes, between (1-)10-1200(-1881) masl.
Geographic distribution-Native to the circum-Mediterranean region [recorded in Afghanistan, Albania, Algeria, Armenia, France (mainland, Corsica), Greece (mainland, Aegean islands, Ionian islands), Iran, Iraq, Israel, Italy (mainland, Sardinia, Sicily) , Jordan, Kuwait, Lebanon, Libya, Morocco, Portugal, Spain (mainland: Alicante, Albacete, Almería, Barcelona, Badajoz, Cádiz, Cáceres, Córdoba, Ciudad Real, Gerona, Granada, Huelva, Huesca, Jaén, Lérida, Madrid, Málaga, Murcia, Salamanca, Sevilla, Tarragona, Teruel, Valencia, and Zaragoza; Balearic islands: Ibiza, Mallorca, and Menorca; Canary islands: Fuerteventura, Gomera, Lanzarote, and Tenerife), Tunisia, Turkey, and Turkmenistan; cf. Appendix 1 and López- Álvarez & al., 2015] . The species has been introduced in other regions of central Europe, western-northern America (California), southern America (Uruguay and Argentina), South Africa and Oceania (Australia and New Zealand) (Jenkins & al., 2003; Garvin & al., 2008; Bakker & al., 2009; and is considered an invasive plant in California and Australia.
TAXONOMY, ECOLOGY, AND EVOLUTION
Our morphological study of wild specimens of B. distachyon, B. stacei, and B. hybridum collected from their native circum-Mediterranean populations and some introduced populations (B. hybridum), has provided new data on both the interspecific and the intraspecific phenotypic diversity of these species. Our analysis has corroborated their phenotypic differentiation, with the number of species-specific discriminant traits increasing from five, in the study of Catalan & al. (2012) , to 13 (López-Álvarez & Catalán, unpublished data, and current study; Table 1 ). Eight out of the 13 morphometric traits differentiate among the three species (leaf stomatal guard cell length, pollen grain length, plant height, culm leaf-blade width, panicle length, number of spikelets per panicle, lemma length, and awn length), four between B. distachyon vs. B. stacei and B. hybridum (culm leaf-blade length, total spikelet length, spikelet length -up to the 4 th floret-, and caryopsis length), and one between B. hybridum vs. B. distachyon and B. stacei (number of culm nodes). Only two out of the 15 examined characters could not discriminate between the species (number of florets per spikelet, and upper glume length) (Table 1) . Additionally, we found five new qualitative traits that helped to characterize and separate the three species (leaf blade color), B. stacei and B. hybridum from B. distachyon (occasional production of short rhizomes, but see comments below), and B. stacei from the other two species (leaf blade shape, softness and hairiness). We found 18 diagnostic characters out of 20 phenotypic characters studied (Table 1) .
At the infraspecific level, most of the morphometric traits have increased measurement ranges for each species as a consequence of the enlarged number of specimens and populations analyzed. Notably, this has not affected the diagnostic value of these traits; on the contrary, more traits have been found to be useful to distinguish these species. Only one of the traits that discriminated among the three species in the study of (upper glume length) was unable to separate them in our current study. The higher number of specimens and populations used in this study, compared to those in , makes these results more likely. In agreement with Catalán et al. (2012) , our current results show that B. stacei and B. hybridum are, overall, taller and more robust plant species than B. distachyon, and that the allotetraploid shows larger measurements in several traits (leaf stomatal guard cell length, pollen grain length, and number of culm nodes) than either of its diploid parents, a likely consequence of polyploidy and heterosis. Correlation between increasing ploidy level and larger pollen grain and stomata guard cell sizes have been also found in other grasses and angiosperms [e.g., Lolium L., Speckman & al. (1965) ; Bromus L., Tan & Dunn (1973) ; Dactylis L., Bretagnolle & Lumaret (1995) ; Eriotheca Schott & Endl. (Malvaceae-Bombacoideae), Marinho & al. (2014) ]. These two non-endoreduplicating plant cell types are commonly used as proxies to estimate ploidy level in plants (Nagl, 1978 ; but see Tate & Simpson, 2004) .
A more detailed account of the habitat preferences of the three species has been also retrieved from our study. A recent environmental niche modeling (ENM) study, based on bioclimatic variables, was conducted for B. distachyon, B. stacei, and B. hybridum across their wide circum-Mediterranean native ranges as a way to predict the potential distribution of the species and to investigate the roles of geography and environment in the evolutionary diversification of the species . The environmental data indicated that B. distachyon grows in higher, cooler and wetter places than B. stacei, which grows in lower, warmer and drier environments, whereas B. hybridum grows in zones with intermediate values, but also in low altitudinal warmer and drier places, like its B. stacei progenitor . These results fit well the ecophysiological requirements of the species (e.g., vernalization for most of the B. distachyon accessions and lack of it for the B. hybridum and B. stacei accessions; cf. Vogel & al., 2009) , which are crucial for the germination of seeds and survival of these annual species in their respective Mediterranean niches. Our current study has provided additional resource variables on the habitat preferences of the species. We have observed that the lowland B. stacei species grows in shady places, a fact that probably facilitates its tolerance to warm Mediterranean conditions, whereas the mostly highland B. distachyon species, and especially the lowland B. hybridum species, grow preferentially in open sunny places, suggesting a likely adaptation of the allotetraploid to more stressful arid conditions (Manzaneda & al. 2012) .
Although the three species are annual plants, the sporadic production of short rhizomes has been detected in wild individuals of B. stacei [SPAIN. Mallorca. Campanet (JACA 299009), Fig. 2 ; SPAIN. Jaén. Tíscar (JACA 298995)] and B. hybridum (A. J. Manzaneda, pers. com.). We haven't observed short-rhizomes in wild or cultivated individuals of B. distachyon; however secondary roots emerging from nodes could be artificially induced through cutting and planting tiller nodes in soil with 0.25% indole-3-acetic acid (Vinh-Ha & Chalhoub, pers. comm). The short-rhizomatose perennial B. mexicanum (Roem. & Schult.) Link is evolutionarily close to B. stacei and B. distachyon and shares biological (e.g., selffertility) and genomic traits with them (Catalán & al., 1995 Catalán & Olmstead, 2000) , suggesting the potential occurrence of perennial/annual switches within the earliest diverging Brachypodium lineages. A reverse trend from perenniality to annuality has been also observed in the more recently evolved core perennial B. sylvaticum (Huds.) P. Beauv., which is also self-fertile and produces very slender rhizomes (Khan & Stace, 1999; Catalán & Olmstead, 2000; Steinwand & al., 2013) . Genomic investigations of evolutionary switches in this important trait are under way in Brachypodium, aiming to decipher the underlying mechanisms causing life-style changes and their respective adaptive speciation processes.
